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STATOR COIL ARRANGEMENT FOR AN 
AXIAL AIRGAP ELECTRIC DEVICE 
INCLUDING LOW-LOSS MATERIALS 

RELATED U.S. APPLICATION DATA 

This application is a continuation of co-pending US. 
patent application Ser. No. 10/979,336, ?led Nov. 2, 2004, 
now US. Pat. No. 7,190,101, and further claims the bene?t of 
US. Provisional Patent Application Ser. No. 60/516,789, 
?led Nov. 3, 2003, each of Which applications isincorporated 
herein in its entirety by reference thereto. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The invention relates to a dynamoelectric, rotating 

machine; and more particularly, to an axial airgap, dynamo 
electric, rotating machine comprising a rotor assembly and a 
stator assembly that includes a stacked stator coil arrange 
ment. 

2. Description of the Prior Art 
The electric motor and generator industry is continuously 

searching for Ways to provide dynamoelectric, rotating 
machines With increased ef?ciencies and poWer densities. As 
used herein, the term “motor” refers to all classes of motoring 
and generating machines Which convert electrical energy to 
rotational motion and vice versa. Such machines include 
devices that may alternatively function as motors, generators, 
and regenerative motors. The term “regenerative motor” is 
used herein to refer to a device that may be operated as either 
an electric motor or a generator. A Wide variety of motors are 
knoWn, including permanent magnet, Wound ?eld, induction, 
variable reluctance, sWitched reluctance, and brush and 
brushless types. They may be energiZed directly from a 
source of direct or alternating current provided by the electric 
utility grid, batteries, or other alternative source. Alterna 
tively, they may be supplied by current having the requisite 
Waveform that is synthesized using electronic drive circuitry. 
Rotational energy derived from any mechanical source may 
drive a generator. The generator’s output may be connected 
directly to a load or conditioned using poWer electronic cir 
cuitry. Optionally, a given machine is connected to a 
mechanical source that functions as either a source or sink of 

mechanical energy during different periods in its operation. 
The machine thus can act as a regenerative motor, eg by 
connection through poWer conditioning circuitry capable of 
four-quadrant operation. 

Rotating machines ordinarily include a stationary compo 
nent knoWn as a stator and a rotating component knoWn as a 
rotor. Adjacent faces of the rotor and stator are separated by a 
small airgap traversed by magnetic ?ux linking the rotor and 
stator. It Will be understood by those skilled in the art that a 
rotating machine may comprise plural, mechanically con 
nected rotors and plural stators. Virtually all rotating 
machines are conventionally classi?able as being either radial 
or axial airgap types. A radial airgap type is one in Which the 
rotor and stator are separated radially and the traversing mag 
netic ?ux is directed predominantly perpendicular to the axis 
of rotation of the rotor. In an axial airgap device, the rotor and 
stator are axially separated and the ?ux traversal is predomi 
nantly parallel to the rotational axis. 

Except for certain specialiZed types, motors and generators 
generally employ soft magnetic materials of one or more 
types. By “soft magnetic material” is meant one that is easily 
and e?iciently magnetiZed and demagnetiZed. The energy 
that is inevitably dissipated in a magnetic material during 
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2 
each magnetiZation cycle is termed hysteresis loss or core 
loss. The magnitude of hysteresis loss is a function both of the 
excitation amplitude and frequency. A soft magnetic material 
further exhibits high permeability and loW magnetic coerciv 
ity. Motors and generators also include a source of magneto 
motive force, Which can be provided either by one or more 
permanent magnets or by additional soft magnetic material 
encircled by current-carrying Windings. By “permanent mag 
net material,” also called “hard magnetic material,” is meant 
a magnetic material that has a high magnetic coercivity and 
strongly retains its magnetiZation and resists being demagne 
tiZed. Depending on the type of motor, the permanent and soft 
magnetic materials may be disposed either on the rotor or 
stator. 

By far, the preponderance of motors currently produced 
use as soft magnetic material various grades of electrical or 
motor steels, Which are alloys of Fe With one or more alloying 
elements, especially including Si, P, C, and Al. Most com 
monly, Si is a predominant alloying element. While it is 
generally believed that motors and generators having rotors 
constructed With advanced permanent magnet material and 
stators having cores made With advanced, loW-loss soft mate 
rials, such as amorphous metal, have the potential to provide 
substantially higher ef?ciencies and poWer densities com 
pared to conventional radial airgap motors and generators, 
there has been little success in building such machines of 
either axial or radial airgap type. Previous attempts at incor 
porating amorphous material into conventional radial or axial 
airgap machines have been largely unsuccessful commer 
cially. Early designs mainly involved substituting the stator 
and/or rotor With coils or circular laminations of amorphous 
metal, typically cut With teeth through the internal or external 
surface. Amorphous metal has unique magnetic and mechani 
cal properties that make it dif?cult or impossible to directly 
substitute for ordinary steels in conventionally designed 
motors. 

A number of applications in current technology, including 
Widely diverse areas such as high-speed machine tools, aero 
space motors and actuators, and compressor drives, require 
electrical motors operable at high speeds (i.e., high rpm), 
many times in excess of 15,000-20,000 rpm, and in some 
cases up to 100,000 rpm. High speed electric machines are 
almost alWays manufactured With loW pole counts, lest the 
magnetic materials in electric machines operating at higher 
frequencies experience excessive core losses that contribute 
to inef?cient motor design. This is mainly due to the fact that 
the soft material used in the vast majority of present motors is 
a silicon-iron alloy (Si-Fe). It is Well knoWn that losses result 
ing from changing a magnetic ?eld at frequencies greater than 
about 400 HZ in conventional SiiFe-based materials causes 
the material to heat, oftentimes to a point Where the device 
cannot be cooled by any acceptable means. 

To date it has proven very dif?cult to cost effectively pro 
vide readily manufacturable electric devices, Which take 
advantage of loW-loss materials. Previous attempts to incor 
porate loW-loss materials into conventional machines gener 
ally failed, since the early designs typically relied on merely 
substituting neW soft magnetic materials, such as amorphous 
metal, for conventional alloys, such as silicon-iron, in 
machine’s magnetic cores. The resulting electric machines 
have sometimes provided increased ef?ciencies With less 
loss, but they generally suffer from an unacceptable reduction 
in poWer output, and signi?cant increases in cost associated 
With handling and forming the amorphous metal. As a result, 
they have not achieved commercial success or market pen 
etration. 
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For example, US. Pat. No. 4,578,610 discloses a highly 
e?icient motor having a stator constructed by simply coiling 
a strip of amorphous metal tape, Wherein the amorphous strip 
is Wound and then slotted and a suitable stator Winding is then 
placed Within the slots. 
US. Pat. No. 4,187,441 discloses a high poWer-density 

machine having spirally Wound laminated magnetic cores 
made from amorphous metal ribbon having slots for receiving 
stator Windings. The patent further discloses using a laser 
beam for cutting the slots into the amorphous metal ribbon. 
A problem that is especially signi?cant in high slot-count 

devices is the amount of slot space that cannot be ?lled With 
Windings, because insulation must be interspersed betWeen 
the stator Windings and the stator core. The insulation thick 
ness is relatively ?xed, being determined by the operating 
voltage of the electric device. Therefore, there is an upper 
limit on the percentage of the total slot area that can be 
devoted to stator coil Windings. This value is ordinarily less 
than 50% When knoWn stator coil Winding techniques are 
employed in manufacturing conventionally con?gured, high 
pole count electric devices. The limit on usable slot area in 
turn limits the current density that determines the magneto 
motive force (amp-turns) that can be generated. As a result, 
the output poWer and performance of the electric device are 
also limited. 

Accordingly, there remains a need in the art for highly 
e?icient electric devices, Which take full advantage of the 
speci?c characteristics associated With loW-loss material, 
thus eliminating many of the disadvantages associated With 
conventional machines. Ideally, an improved machine Would 
provide higher ef?ciency of conversion betWeen mechanical 
and electrical energy forms. Improved ef?ciency in generat 
ing machines poWered by fossil fuels Would concomitantly 
reduce air pollution. The machine Would be smaller, lighter, 
and satisfy more demanding requirements of torque, poWer, 
and speed. Cooling requirements Would be reduced. Motors 
operating from battery poWer Would operate longer for a 
given charge cycle. For certain applications, axial airgap 
machines are better suited because of their siZe and shape and 
their particular mechanical attributes. Similar improvements 
in machine properties are sought for both axial and radial 
airgap devices. 

SUMMARY OF THE INVENTION 

The present invention provides a dynamoelectric electric 
machine comprising a rotor assembly and a stator assembly 
that includes a backiron section and a number of stator tooth 
sections, along With stacked stator phase Windings. A slot 
betWeen each adjacent pair of tooth sections accommodates a 
plurality of the stacked stator phase Windings. Preferably tWo 
of such Windings are present in each slot. The rotor assembly 
is supported for rotation about an axis and includes a plurality 
of poles. The electric device can have any pole and slot count 
ranging from loW to high. The rotor assembly is arranged and 
disposed for magnetic interaction With the stator assembly. 
Preferably the stator comprises a generally toroidal structure 
employing laminated layers composed of at least one loW 
core loss material selected from the group consisting of amor 
phous and nanocrystalline metals and optimiZed Fe-based 
alloy. HoWever, other soft magnetic materials may also be 
used in constructing all or part of the stator assembly. The use 
of loW core loss, advanced soft magnetic materials affords 
signi?cant ?exibility in design, by making possible a Wider 
range of pole counts and commutating frequencies, While also 
maintaining high operating e?iciency, high poWer density, 
and a Wide range of possible operating speeds. 
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4 
Examples of electric machines that can be produced and 

operated in accordance With the invention include, but are not 
limited to, electric motors, generators, and regenerative 
motors. One or more of the electric devices could be a com 

ponent in a composite device or system. An example of such 
a composite device is a compressor comprising one or more 

electric motors, Where the one or more electric motors may be 
integral With a fan. The machine is preferably has an axial 
airgap con?guration, but may also be a radial airgap device. 

The invention further provides a method for constructing a 
dynamoelectric machine, comprising: (i) providing at least 
one stator assembly comprising a backiron section and a 
plurality of tooth sections, the stator assembly having a slot 
betWeen each adjacent pair of the tooth sections and a plural 
ity of stacked stator phase Windings, each Winding encircling 
one or more of said tooth sections; and (ii) providing at least 
one rotor assembly supported for rotation about an axis and 
including a plurality of poles, the rotor assembly being 
arranged and disposed for magnetic interaction With the at 
least one stator assembly. Preferably tWo stacked phase Wind 
ings are present in each of the slots and the Windings consist 
of equal numbers of up-coils and doWn-coils. 
A dynamoelectric machine system comprises a dynamo 

electric machine of the aforementioned type and a poWer 
electronics means for interfacing and controlling the 
machine. The poWer electronics means is operably connected 
to the machine. 

The novel stator coil Winding and stacking techniques pro 
vided in an aspect of the present invention result in greatly 
increased stator slot ?ll, Which is a measure of the percentage 
of stator coil Winding in the slot relative to the total volume of 
the slots. As a result, preferred electric devices of the present 
invention provide increased performance, poWer, and e?i 
ciency. 
The stator assembly of the present device preferably has a 

magnetic core made from loW loss, high frequency material. 
More preferably, the stator’s magnetic core is made of amor 
phous metals, nanocrystalline metals, optimiZed Si-Fe alloys, 
grain-oriented Fe-based materials or non-grain-oriented Fe 
based materials. The introduction of amorphous metals, 
nanocrystalline metals, optimiZed Si-Fe alloys, grain-ori 
ented Fe-based materials or non-grain-oriented Fe-based 
materials into electrical devices enables the device’s fre 
quency to be increased above 400 HZ With only a relatively 
small increase in core loss, as compared to the large increase 
exhibited in conventional machines, thus yielding a highly 
e?icient electric device capable of providing increased 
poWer. The invention further provides a highly e?icient elec 
tric device With a high pole count capable of providing 
increased poWer density and a torque-speed curve extending 
to higher speed, While retaining improved ef?ciency, 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention Will be more fully understood and further 
advantages Will become apparent When reference is had to the 
folloWing detailed description of the preferred embodiments 
of the invention and the accompanying draWings, Wherein 
like reference numeral denote similar elements throughout 
the several vieWs and in Which: 

FIGS. 1A and 1B illustrate top and side vieWs, respectively, 
of a stator structure of the invention, shoWing the stator core 
With machined stator slots and the backiron; 

FIG. 2 illustrates a section of a stator structure of the 
invention Wound With stator Windings; 
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FIGS. 3A and 3B illustrate top and side vieWs, respectively, 
of a rotor structure of the invention, showing the location and 
polarity of the rotor magnets; 

FIG. 4 illustrates an arrangement of the stators and the rotor 
therebetWeen for an axial airgap-type electric device of the 
invention; 

FIG. 5 illustrates a loW slot count stator structure Wound 
using conventional Winding techniques; 

FIG. 6 illustrates a high slot count stator structure Wound 
using conventional Winding techniques; 

FIG. 7 illustrates a stator structure Wound according to the 
present invention; 

FIG. 8 illustrates another stator structure Wound according 
to the present invention; 

FIG. 9 illustrates a stator structure for a four-phase 
machine Wound according to the present invention; 

FIG. 10 illustrates primary magnetic ?ux paths for an up 
coil of a stator structure Wound according to the present 
invention; 

FIG. 11 illustrates secondary magnetic ?ux paths for an 
up-coil of a stator structure Wound according to the present 
invention; 

FIG. 12 illustrates primary magnetic ?ux paths of a doWn 
coil of an electric device Wound according to the present 
invention; 

FIG. 13 illustrates a stator structure Wound according to the 
present invention, including a cooling system; and 

FIG. 14 illustrates in perspective vieW a portion of a stator 
coil connection arrangement corresponding to the stator coil 
con?guration by FIG. 8. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Preferred embodiments of the present invention Will be 
explained in greater detail hereinafter, With reference to the 
accompanying draWings. The present invention involves the 
design and manufacture of an electric device, such as a brush 
less motor, having a Wound stator core made from loW-loss 
material and employing stacked stator Windings. Preferably 
the stator core includes amorphous metals, nanocrystalline 
metals, optimiZed Si-Fe alloys, grain-oriented Fe-based 
materials or non-grain-oriented Fe-based materials. 

General Device Structure 
Commonly assigned US. Provisional Application Ser. No. 

60/444,271 (“the ’271 application”) and US. patent applica 
tion Ser. No. 10/769,094 (“the ’094 application”), Which are 
both incorporated herein in the entirety by reference thereto, 
provide an electric device having a rotor assembly and a stator 
arranged in an axial airgap con?guration, but With a side-by 
side Winding con?guration. The stator includes a backiron 
section and a plurality of stator tooth sections, preferably 
made using loW-loss, high-frequency materials. FIG. 1 illus 
trate in top vieW (FIG. 1A) and side vieW (FIG. 1B) a stator 
assembly 20 according to an aspect of the ’094 application, 
shoWing a unitary structure including stator tooth sections 25 
depending from backiron 23. Slot spaces 24 betWeen adjacent 
tooth sections are appointed to receive stator Windings 22 
Wound around the tooth sections 25 using a conventional, 
side-by-side disposition of the Windings, as shoWn in FIG. 2. 
Preferably the one or more stators are formed from loW-loss 

materials, such as amorphous metal, nanocrystalline metal, or 
optimiZed Fe-based alloy. Alternatively, grain-oriented or 
non-grain-oriented Fe-based material may be used. The back 
iron and tooth sections may be formed either as the unitary 
structure depicted, in Which the tooth sections 25 depend 
integrally from backiron section 23, or as separate compo 
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6 
nents secured together by any appropriate means. For 
example, the constituent parts may be joined using an adhe 
sive, clamping, Welding, or other methods knoWn in the art. A 
variety of adhesive agents may be suitable, including those 
composed of epoxies, varnishes, anaerobic adhesives, 
cyanoacrylates, and room-temperature-vulcaniZed (RTV) 
silicone materials. Adhesives desirably have loW viscosity, 
loW shrinkage, loW elastic modulus, high peel strength, high 
operating temperature capability, and high dielectric strength. 
The stator construction depicted by FIGS. 1A-1B is useful in 
the practice of the present invention, as are other forms of 
stator construction provided by the aforementioned ’271 and 
’094 applications, and still others that incorporate loW loss 
materials and are compatible With the stacked Winding con 
?guration described hereinbeloW. 
The present invention further provides novel stator coil 

Winding and stacking techniques for application, preferably 
in axial airgap electric devices. Instead of the side -by-side 
arrangement conventionally used in motor Winding, the 
present machine employs stacked Windings. Embodiments 
Wherein the stator comprises separate teeth and backiron 
sections may be Wound With stator Windings before or after 
the components are assembled. The Windings may also be 
formed as separate assemblies and then slipped into position 
over the free end of tooth sections 25. The stator 20 and its 
Windings 22 can be placed in a stator carrier (not shoWn) and 
potted With an appropriate organic dielectric. 
The present dynamoelectric machine further includes a 

rotor assembly having a plurality of circumferentially 
spaced-apart permanent magnets arranged in an axial con 
?guration relative to the stator assembly. The present machine 
may comprise one or more rotor assemblies and one or more 
stator assemblies. Accordingly, the terms “a rotor” and “a 
stator” as used herein With reference to electric machines 
mean a number of rotor and stator assemblies ranging from 
one to as many as three or more. 

In an aspect of the invention, there is provided a method for 
constructing and Winding a stator assembly, such as that 
depicted by FIGS. 1-2 and others described herein. A metal 
core is initially formed by spirally Winding loW-loss, high 
frequency strip material into a toroid. This toroid has the 
shape of a generally right circular cylindrical shell having an 
inner diameter and an outer diameter When vieWed in the axial 
direction. The annular end surface region 21 extending radi 
ally from inner diameter “d” to outer diameter “D”, and 
circumferentially about the as-formed full toroid, de?nes a 
surface area. The metal core has an axial extent that de?nes a 
toroid height “H.” After Winding, the core is machined to 
provide slots 24 having outer Width “W” that are generally 
radially directed. The depth of slots 24 extends axially only 
part-Way through the toroid height, thereby de?ning teeth and 
slots having a slot height “T.” The slots reduce the total end 
surface area of the metal core. The portion of the annular 
region left after the removal of the slots is the total area (TA), 
also referred to as the amorphous metal area (AMA) for the 
embodiments in Which the loW-loss, high-frequency material 
is an amorphous metal. Because the slots 24 extend fully from 
the inner diameter d to the outer diameter D, the stator core’ s 
circumference at the inside and outside diameters in the slot 
ted portion of the toroid are not continuous. The removal of 
material from the slot spaces produces a plurality of teeth 25. 
There are an equal number of teeth and slots. The circumfer 
entially continuous material that remains beloW the slot depth 
may function as the backiron section 23, Which provides 
closure for ?ux in the tooth sections 25. In preferred embodi 
ments, the narroWest part of a tooth is not less than 0.1 inch 
(2.5 mm) for the sake of forrnability and mechanical integrity. 
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The slots 24 are Wound With conducting stator Windings 22 
according to a Winding scheme preselected for a given elec 
tric device design. 

Stator Coil Winding and Stacking Techniques 
In particular, an aspect of the present invention provides 

stator coil Winding and stacking techniques Which increase 
the stator Winding coil ?ll of electric devices. Although appli 
cable to radial airgap devices, the present stacked coil con 
?guration is readily implemented in fabricating stators for 
axial airgap machines using modular coils, Which can be 
slipped over tooth sections that are not tapered in the axial 
direction. In preferred embodiments, the techniques of the 
invention are applied to high pole count axial airgap electric 
devices With a slot per phase per pole (SPP) ratio of 0.5, 
Wherein there is typically only one discrete coil per stator 
tooth. HoWever, the methods of the present invention are also 
applicable to axial airgap electric devices With Winding 
schemes having values of SPP other than 0.5. 
A conventional Winding con?guration for a three-phase, 

axial airgap machine is illustrated in FIG. 5, Which shoWs a 
loW slot count device, and in FIG. 6, for a high slot count 
device. Successive teeth around the stator circumference are 
Wound With stator phase Windings in a sequence of A-B-C 
A-B-C . . . , Wherein the letters represent the three electrical 

phases. Each stator slot thus contains the Windings of tWo 
phases. The illustration of FIG. 5 shoWs a Winding scheme 
Wherein a single stator Winding coil, e.g. coils 24a and 24b, 
?ts over each of the stator teeth, and the coil typically extends 
over most of the axial length of the stator tooth. As illustrated 
in FIGS. 5 and 6, the stator coils 24a, 24b are in a side-by-side 
arrangement in the stator slots. The stator coils 24a and 24b of 
adjacent stator teeth 40a and 40b, respectively, each typically 
occupy approximately 1/2 of the slot Width and substantially 
the full slot depth that are available after alloWance is made 
for su?icient insulation. HoWever, the space available in prac 
tice is further reduced by the clearance realistically needed to 
insert or Wind the coils. FIG. 5 illustrates that the sequencing 
of materials proceeding circumferentially around the stator is 
as follows: 

1. ?rst stator tooth 40a; 
. insulation 42; 

. ?rst coil Winding 24a (encircling ?rst stator tooth 40a); 

. insulation 42; 

. second coil Winding 24b (encircling second stator tooth 

40b); 
6. insulation 42; and 
7. second stator tooth 40b. 
The same sequence is found in the structure of FIG. 6. In 

both, the foregoing pattern is repeated around the stator cir 
cumference. A stacked coil con?guration can be Wound onto 
a stator for a radial airgap device that is formed convention 
ally of punched laminations that are stacked in registry, eg 
by needle Winding. 

The geometrical area of the stator slots that is not taken up 
by the Windings is ordinarily occupied With potting, varnish, 
insulation, and the like, and is deemed Waste area. The dif 
ference betWeen the total area and the Waste area is called the 
useful area. For an electric device having 54 slots of 4 mm 
Width and an SPP ratio of 0.5, the percent of the useful space 
allocated to conducting Windings varies is about 35%:l0% 
When conventional stator coil Winding and stacking tech 
niques are employed and the machine is optimiZed for highest 
practical poWer density (i.e., poWerper unit volume, typically 
expressed in units of W/cm3). These percentage values are 
given under the assumption of a constant fundamental fre 
quency, and a constant ampere-tums applied to each stator 
tooth. With the same calculation, and under the same assump 
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8 
tion, a different percentage of about 50%:l0%, is found to 
optimiZe the torque per unit mass of active material. 
The slot ?ll can reach up to about 65% of the available 

volume for a loW pole count electric device Wound With a 
conventional slot Winding/ ?lling scheme. The introduction of 
the loW-loss materials into electric devices permits the design 
of high pole count, high slot count and high frequency electric 
devices With SPP:0.5. HoWever, the minimum thickness of 
the insulation layers 42 is determined by the operating voltage 
of the electric device and as a result is relatively ?xed. 
Use of slot insulation, eg as illustrated by FIGS. 5-6, is 

established practice in the electrical machines arts. While 
stator Windings normally are made With insulated Wire, addi 
tional insulation such as Kraft paper or dielectric polymer 
?lm is ordinarily disposed on the bottom and sides of the 
stator slots to present abrasion or nicking of the Windings due 
to contact With the stator, especially during Winding or place 
ment of the stator Winding coils. Inter-phase insulation is also 
conventional. Dielectric failure at a damaged location can 
result in a hot spot or overheating and burnout of the Wind 
ings. In extreme cases, failure can produce a shock or ?re 
haZard. 

In practice, high frequency machines frequently operate at 
higher voltages, thereby requiring thicker insulation 42. 
Higher voltages, especially at high frequency, often result in 
a corona effect, Which is a catastrophic breakdown in insula 
tion material in the presence of a strong ?eld that is believed 
to ioniZe its constituent atoms, causing the insulator to 
become highly conductive. Therefore extra insulation is 
needed for high frequency devices, even further limiting the 
slot Width available for Windings. Using conventional coil 
arrangements and techniques, eg as illustrated in FIG. 6, as 
much as about 46% of the slot area is unavailable. 
The stator Winding coil ?ll of high slot count axial airgap 

electric devices can be greatly increased through use of the 
stator coil Winding and stacking techniques of the present 
invention. In the embodiment of the present invention illus 
trated in FIG. 7, the stator slot ?ll exceeds 59% for a 4000-rpm 
electric device With 54 slots of 4 mm Width. The slot ?ll Would 
only be 46% if a conventional ?lling scheme Were used in the 
same geometrical slot volume. An electric device With an 
increased slot ?ll of over 59% could exhibit a gain in perfor 
mance of up to 28%, Which is advantageous in the industry. 
The increase in possible slot ?lling provides more conductor 
area, Which can be used to reduce Winding resistance and thus 
ohmic losses. In addition, the larger conductor area alloWs the 
effective current density to be increased Without otherWise 
changing the motor con?guration. Higher current, in turn, 
permits a given design to be operated With increased machine 
poWer and torque. 

Electric machines constructed in accordance With the 
present invention employ stacked Windings. By “stacked 
Windings” is meant a Winding con?guration in Which a plu 
rality of stator phase Windings are disposed in a layered 
sequence from the tooth root and extending to a level near the 
tooth face. Inter-phase insulation is preferably disposed 
betWeen the adjacent Winding coils. The Windings encircle 
one or more of the stator tooth sections. As used herein, the 
term “tooth root” refers to a location at the bottom of a tooth 
slot at the abutment of the tooth With the backiron. Although 
con?gurations With three or more stacked Windings in each 
slot may be employed in the present machine, the bene?ts of 
stacked coils are ordinarily attainable With just tWo stacked 
Windings. 

For example, FIG. 7 depicts a preferred con?guration for a 
stator 20 for a three-phase axial airgap machine. As seen in 
FIG. 7, the stator slots are divided vertically, as illustrated 
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instead of horiZontally, as in the conventional arrangement of 
FIGS. 5-6. Each slot of the stator includes tWo Windings, an 
up-coil 50 and a doWn-coil 52. Each coil occupies substan 
tially the full available slot Width, but only about half the 
available slot depth. As used herein With respect to stator coil 
Winding con?guration, “doWn” and “up” refer to the location 
of stator Windings respectively beginning at the tooth root, 
and at about the mid-level of the slot and extending to near the 
free end of the tooth distal of the backiron. The respective 
coils 50 and 52 are Wound around adjacent stator teeth 40 and 
44, and are stacked on top of each other, as further illustrated 
in FIG. 7. Each phase of the three-phase system includes a 
plurality of up-coils 50 and doWn-coils 52. The stator coils are 
stacked in an alternating, sequential up/doWn pattern. In the 
embodiment depicted by FIG. 7, the Windings are disposed in 
a pattern (A:doWn-B :up)(C:doWn-B:up)(C:doWn-A:up)(B: 
doWn-A:up) (B:doWn-C:up)(A:doWn-C:up)(A:doWn-B:up) 
(A:doWn-B:up) . . . ,Wherein the letters A, B and C represent 
the three electrical phases and the representative nomencla 
ture (A:doWn-B:up) designates a slot having a doWn-coil 
connected to the A phase and an up-coil connected to the B 
phase. The arroWs in FIG. 7 represent the direction of current 
How in the end turns connecting the turns on respective sides 
of each tooth. Other sequences are also possible. For 
example, FIG. 8 depicts a structure having a sequence 
(A:doWn-C:up)(A:doWn-A:up)(B:doWn-A:up)(B:doWn-B: 
up) (C::up)(C:doWn-C:up)(A:doWn-C:up) . . .ArroWs again 
represent the direction of current How in the end turns. A 
perspective vieW shoWing a portion of a stator, including 
Windings and the interconnection of the Windings is shoWn by 
FIG. 14. In particular, stator 20, comparable to the stator of 
FIG. 8, includes a plurality of teeth 25 depending from back 
iron 23. BetWeen each pair of adjacent teeth 25 is a slot 24. 
Windings 62, 66, and 70 are respectively associated With 
phases A, B, and C. Up-coil 62a and doWn-coil 62b are 
series-connected and energiZed by phaseA at ends 61 and 64. 
Similarly up-coils 66a and 70a, and series-connected doWn 
coils 66b and 70b are energiZed by phase B and phase C at 
ends 65 and 68, and 69 and 72, respectively. The layers of 
insulation or dielectric material are interspersed betWeen the 
stator coils and the stator teeth in tWo different orientations. 
Insulation layer 42 conventionally orientation covers the side 
Walls and bottom of the slots, While inter-phase insulation 
layer 48 is oriented perpendicular to the conventional orien 
tation, and thus is substantially parallel to the bottom of the 
slot. This con?guration alloWs for higher slot ?ll of stator coil 
Windings. As a result of implementing the techniques of the 
present invention, the device designer can achieve increased 
poWer or increased ef?ciency through the increase in stator 
slot ?ll. A variety of similar stator con?gurations are also 
useful for polyphase devices With other than three phases. For 
example, one possible sequence for a four-phase device is 
depicted by FIG. 9 and is denoted by (A:doWn-D:up)(A: 
doWn-A:up) (B :doWn-A:up)(B :doWn-B :up)(C:doWn-B:up) 
(C:doWn-C:up)(D:doWn-C:up)(D:doWn-D:up) (Azdown-D: 
up) . . . , With the end turn current ?oW as shoWn by arroWs. 

Part of the reduction in insulation volume provided by the 
present con?guration arises from simple geometric consider 
ations. Comparing the disposition of insulation in the FIG. 6 
prior art device and the present machine depicted in FIG. 7, 
both con?gurations require substantially the same insulation 
on the slot Walls and bottom, but different insulation interme 
diate the adjacent phase Windings. In the FIG. 6 con?gura 
tion, the intermediate insulation is vertical and has a volume 
given approximately by T-(D—d)~s, Wherein “s” is the nominal 
insulation thickness. On the other hand, the horiZontal inter 
mediate insulation seen in FIG. 7 has an approximate volume 
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W~(D—d)~s. Since tooth height T is generally tWice or more 
slot Width W in preferred designs, the volume of inter-phase 
insulation is halved by the present con?guration. 

HoWever, manufacturing considerations play an addi 
tional, and generally even more signi?cant role in the 
improvement in slot utiliZation afforded by the present 
stacked-coil con?guration. A kraft paper commonly used for 
slot insulation in motor construction is 6 mils (0.15 mm) 
thick. HoWever, an additional lateral space, often as much as 
30 mils (0.75 mm), is needed to provide enough clearance for 
the Winding operation With side-by-side coils used in the FIG. 
6 device. That amount substantially impacts the realistically 
available area, especially for the narroW slots typical in high 
slot-count designs. Although the additional clearance is 
required just during the actual phase Winding, it cannot gen 
erally be recovered thereafter. By Way of contrast, such an 
extra alloWance is not needed for Winding the present stacked 
coils. Moreover, after the doWn coil is Wound, any residual 
space associated With the insulation frequently can be sub 
stantially eliminated by compression before the up coil is 
Wound. 

Ordinarily, an inexpensive, highly conducting Wire such as 
Cu or Al Wire is preferred for the stator Windings, but mate 
rials and forms may also be used, including other metals and 
alloys and superconductors. The Wire may have any cross 
section, but round and square Wires are most common. In 
certain high frequency applications, stranded Wires or LitZ 
Wire may be advantageous. A preferred Winding scheme 
entails one coil per tooth 25. Each coil ordinarily comprises 
multiple turns of conductive Wire. HoWever, any Winding 
arrangement knoWn in the art is applicable. The Windings 
may be formed in place around the teeth, or they may be 
separately prepared as an assembly and slipped over the tooth 
ends. 
The stator assembly 20, along With stator Windings, can be 

placed in a stator carrier (not shoWn). Preferably the stator 
assembly is potted Within the stator carrier using an appro 
priate organic dielectric, such as one that does not induce 
excessive stress in the stator magnetic material. While the 
stator carrier is preferably non-magnetic, there is no restric 
tion on the conductivity of the stator carrier material. Factors 
that can in?uence the choice of stator carrier material include 
required mechanical strength and thermal properties. Any 
appropriate material able to properly support the stator 
assembly may be used as a stator carrier. In a speci?c embodi 
ment, the stator carrier is formed from aluminum. 

Inductance of the Stator Up-Coils and DoWn-Coils 
The ideal inductance “L” of a coil is calculated as: 

LINZ-P (1) 

Wherein 
L:coil self-inductance, 
NInumber of turns per coil, 
PImagnetic circuit permeance. 
The permeance “P” is de?ned as: 

PIHO'PT'A/Z (2) 

Wherein 
u?relative permeability of magnetic circuit, 
uorpermeability of air, 
A:cross section of magnetic circuit, 
lrpath length of magnetic circuit. 
Equation 2 is very dif?cult to calculate accurately for other 

than the simplest of coil geometries. While N can be kept the 
same for both the up- and doWn-coils of the invention, a 
device designer has to make approximations for A, l, and pr, 



US 7,468,569 B2 
11 

Which are not uniquely speci?ed for an open magnetic circuit, 
and especially not for a circuit With a complicated geometry. 

Each of the present stator coil Windings has an associated 
geometry-dependent inductance. In particular, a qualitative 
consideration of Equation (2) indicates that the difference in 
fringing ?ux patterns makes the inductance of the up and 
doWn coils different. 

For the up-coil, the effective coil magnetic ?ux area A 
includes the stator core area for the length of the tooth. Pro 
gressing to the backiron, the coil magnetic ?ux area is the 
backiron cross-sectional area, and then to a second tooth With 
its respective core area, and ?nally the approximated area of 
the air gap. The length l of the circuit is approximately the 
aggregate of the core length, the distance spanned from tooth 
to tooth through the backiron in tWo directions, the length of 
the adjacent teeth, and then the approximated length of the 
magnetic ?ux through air, as illustrated in FIG. 10. There are 
also other magnetic ?ux paths as illustrated in FIG. 11, Which 
travel through stator cores farther and farther aWay, hoWever, 
they have less impact on the inductance calculations. The 
value of u, in the airgap can be approximated as the value in 
free space, ie 1.0. Any practical soft magnetic material has u, 
at least 103, and often substantially higher, so that the per 
meance is dominated by the air gap. Hence, a practical cal 
culation can take into account the magnetic path through air 
only. As a result, Equation (2) for the up-coil is approximated 
by: 

For the doWn coil, the effective area of the air gap is 
increased by a factor f Which is signi?cantly greater than 1.0. 
This is due to the propensity of part of the total magnetic flux 
to cross the slot Width, as illustrated in FIG. 12. For similar 
reasons, the effective length of the air gap is loWered by a 
factor g less than 1.0. As a result, Equation (2) for the doWn 
coil is approximated by: 

L:#o'N2'(/1f)/(Z'g) (4) 

As a result, the doWn-coil ordinarily has a much higher induc 
tance than the up-coil. 

Inductance in a circuit carrying alternating current pro 
duces reactance, and reactance combined With resistance pro 
duces impedance. An electrical current Will ?oW “circularly” 
Within a phase for any electric device having coils Wound in 
parallel, if there is any difference in impedance betWeen the 
coils. These “circulating currents” are very detrimental to a 
device performance. They do no useful Work and detract from 
the output poWer of the device, While at the same time adding 
ohmic losses to the machine. 

In one aspect, the present invention provides a solution to 
the problem of circulating currents, Wherein the relative num 
ber of turns N of the up-coil and the doWn-coil are modi?ed. 
The desired values of N for the coils can be determined 
mathematically by setting the inductances of the up- and 
doWn-coil to be equal. HoWever, changing the number of 
turns per coil modi?es both the relative resistances of the up 
and doWn-coils and the back-EMF (electromotive force) con 
stant per up- or doWn-coil. Since the overall impedance is of 
interest, a difference in resistance also cause potential circu 
lating currents. The difference in resistance can be compen 
sated by using different Wire siZes. The difference in back 
EMF constant can also be a cause of circulating currents, but 
it cannot be corrected by changing the Wire siZe. 

In a preferred embodiment of the invention, the problem of 
circulating currents is instead solved by series-Wiring every 
up-coil to a corresponding doWn-coil. The series Winding of 
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12 
doWn-coils With up-coils, on a matching one-one basis, sub 
stantially reduces or eliminates the unWanted circulating cur 
rents. While the series connection ordinarily su?ices by itself, 
the foregoing adjustment of Wire siZe and number of turns can 
be used adjunctly. 
LoW Loss Stator Materials 
The incorporation of amorphous, nanocrystalline, or opti 

miZed Fe-based alloy, or grain-oriented or non-grain-oriented 
Fe-based material in preferred embodiments of the present 
electrical machine enables the machine’s commutating fre 
quency to be increased above 400 HZ With only a relatively 
small increase in core loss, as compared to the unacceptably 
large increase that Would be seen in conventional machines. 
The use of the loW-loss materials in the stator core accord 
ingly alloWs the development of high-frequency, high pole 
count, electric devices capable of providing increased poWer 
density, and improved e?iciency. Furthermore, decreases in 
stator core loss also alloW a motor to be operated Well past a 
conventional base speed Without the need for torque and 
poWer derating frequently necessitated by thermal limits in 
conventionally designed machines. Preferably the stator 
assembly comprises laminated layers composed of at least 
one material selected from the group consisting of amor 
phous, nanocrystalline, or optimiZed Fe-based alloy. 
Amorphous Metals 
Amorphous metals exist in many different compositions 

suitable for use in the present motor. Metallic glasses are 
typically formed from an alloy melt of the requisite compo 
sition that is quenched rapidly from the melt, eg by cooling 
at a rate of at least about 1060 C./ s. They exhibit no long-range 
atomic order and have X-ray diffraction patterns that shoW 
only diffuse halos, similar to those observed for inorganic 
oxide glasses. A number of compositions having suitable 
magnetic properties are set forth in US. Pat. No. RE32,925 to 
Chen et al. Amorphous metal is typically supplied in the form 
of extended lengths of thin ribbon (eg a thickness of at most 
about 50 pm) in Widths of 20 cm or more. A process useful for 
the formation of metallic glass strips of inde?nite length is 
disclosed by US. Pat. No. 4,142,571 to Narasimhan. An 
exemplary amorphous metal material suitable for use in the 
present invention is METGLAS® 2605 SA1, sold by Met 
glas, Inc., ConWay, S.C. in the form of ribbon of inde?nite 
length and up to about 20 cm Wide and 20-25 pm thick (see 
http://WWW.metglas.com/products/page5i1i2i4.htm). 
Other amorphous materials With the requisite properties may 
also be used. 
Amorphous metals have a number of characteristics that 

must be taken into account in the manufacture and use of 
magnetic implements. Unlike most soft magnetic materials, 
amorphous metals (also knoWn as metallic glasses) are hard 
and brittle, especially after the heat treatment typically used 
to optimiZe their soft magnetic properties. As a result, many 
of the mechanical operations ordinarily used to process con 
ventional soft magnetic materials for motors are dif?cult or 
impossible to carry out on amorphous metals. Stamping, 
punching, or cutting as-produced material generally results in 
unacceptable tool Wear and is virtually impossible on brittle, 
heat-treated material. Conventional drilling and Welding, 
Which are often done With conventional steels, are also nor 
mally precluded. 

In addition, amorphous metals exhibit a loWer saturation 
?ux density (or induction) than conventional Si-Fe alloys. 
The loWer ?ux density ordinarily results in loWer poWer den 
sities in motors designed according to conventional methods. 
Amorphous metals also have loWer thermal conductivities 
than SiiFe alloys. As thermal conductivity determines hoW 
readily heat can be conducted through a material from a Warm 
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location to a cool location, a lower value of thermal conduc 
tivity necessitates careful design of the motor to assure 
adequate removal of Waste heat arising from core losses in the 
magnetic materials, ohmic losses in the Windings, friction, 
Windage, and other loss sources. Inadequate removal of Waste 
heat, in turn, Would cause the temperature of the motor to rise 
unacceptably. Excessive temperature is likely to cause pre 
mature failure of electrical insulation or other motor compo 
nents. In some cases, the over-temperature could cause a 
shock hazard or trigger catastrophic ?re or other serious dan 
ger to health and safety. Amorphous metals also exhibit a 
higher coef?cient of magnetostriction than certain conven 
tional materials. A material With a loWer coef?cient of mag 
netostriction undergoes smaller dimensional change under 
the in?uence of a magnet ?eld, Which in turn Would likely 
reduce audible noise from a machine, as Well as render the 
material more susceptible to degradation of its magnetic 
properties as the result of stresses induced during machine 
fabrication or operation. 

Despite these challenges, an aspect of the present invention 
provides a motor that successfully incorporates advanced soft 
magnetic materials and permits motor operation With high 
frequency excitation, e.g., a commutating frequency greater 
than about 400 Hz. Construction techniques for the fabrica 
tion of the motor are also provided. As a result of the con?gu 
ration and the use of advanced materials, especially amor 
phous metals, the present invention successfully provides a 
motor that operates at high frequencies (de?ned as commu 
tating frequencies greater than about 400 Hz) With a high pole 
count. The amorphous metals exhibit much loWer hysteresis 
losses at high frequencies, Which result in much loWer core 
losses. Compared to SiiFe alloys, amorphous metals have 
much loWer electrical conductivity and are typically much 
thinner than ordinarily used SiiFe alloys, Which are often 
200 pm thick or more. Both these characteristics promote 
loWer eddy current core losses. The invention successfully 
provides a motor that bene?ts from one or more of these 
favorable attributes and thereby operates ef?ciently at high 
frequencies, using a con?guration that permits the advanta 
geous qualities of the amorphous metal, such as the loWer 
core loss, to be exploited, While avoiding the challenges faced 
in previous attempts to use advanced materials. 

Nanocrystalline Metals 
Nanocrystalline materials are polycrystalline materials 

With average grain sizes of about 100 nanometers or less. The 
attributes of nanocrystalline metals as compared to conven 
tional coarse-grained metals generally include increased 
strength and hardness, enhanced diffusivity, improved duc 
tility and toughness, reduced density, reduced modulus, 
higher electrical resistance, increased speci?c heat, higher 
thermal expansion coe?icients, loWer thermal conductivity, 
and superior soft magnetic properties. Nanocrystalline metals 
also have someWhat higher saturation induction in general 
than most Fe-based amorphous metals. 

Nanocrystalline metals may be formed by a number of 
techniques. One preferred method comprises initially casting 
the requisite composition as a metallic glass ribbon of inde? 
nite length, using techniques such as those taught herein 
above, and forming the ribbon into a desired con?guration 
such as a Wound shape. Thereafter, the initially amorphous 
material is heat-treated to form a nanocrystalline microstruc 
ture therein. This microstructure is characterized by the pres 
ence of a high density of grains having average size less than 
about 100 nm, preferably less than about 50 nm, and more 
preferably about 10-20 nm. The grains preferably occupy at 
least 50% of the volume of the iron-base alloy. These pre 
ferred materials have loW core loss and loW magnetostriction. 
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The latter property also renders the material less vulnerable to 
degradation of magnetic properties by stresses resulting from 
the fabrication and/or operation of a device comprising the 
component. The heat treatment needed to produce the nanoc 
rystalline structure in a given alloy must be carried out at a 
higher temperature or for a longer time than Would be needed 
for a heat treatment designed to preserve therein a substan 
tially fully glassy microstructure. Preferably, the nanocrys 
talline metal is an iron-based material. HoWever, the nanoc 
rystalline metal could also be based on or include other 
ferromagnetic materials, such as cobalt or nickel. Represen 
tative nanocrystalline alloys suitable for use in constructing 
magnetic elements for the present device are knoWn, e.g. 
alloys set forth in US. Pat. No. 4,881,989 to YoshizaWa and 
US. Pat. No. 5,935,347 to Suzuki et al. Such materials are 
available from Hitachi Metals, Vacuumschmelze GmbH, and 
Alps Electric. An exemplary nanocrystalline metal With loW 
loss properties is Hitachi Finemet FT-3M. Another exemplary 
nanocrystalline metal With loW-loss properties is Vacuum 
schmelze V1troperm 500 Z. 

Optimized Fe-Based Alloys 
The present machines may also be constructed With opti 

mized, loW-loss Fe-based crystalline alloy material. Prefer 
ably such material has the form of strip having a thickness of 
less than about 125 um, much thinner than the steels conven 
tionally used in motors, Which have thicknesses of 200 um or 
more, and sometimes as much as 400 um or more. Both 
grain-oriented and non-oriented materials may be used. As 
used herein, an oriented material is one in Which the principal 
crystallographic axes of the constituent crystallite grains are 
not randomly oriented, but are predominantly correlated 
along one or more preferred directions. As a result of the 
foregoing microstructure, an oriented strip material responds 
differently to magnetic excitation along different directions, 
Whereas a non-oriented material responds isotropically, i.e., 
With substantially the same response to excitation along any 
direction in the plane of the strip. Grain-oriented material is 
preferably disposed in the present motor With its easy direc 
tion of magnetization substantially coincident With the pre 
dominant direction of magnetic ?ux. 
As used herein, conventional Si-Fe refers to silicon-iron 

alloys With a silicon content of about 3 .5% or less of silicon by 
Weight. The 3.5 Wt. % limit of silicon is imposed by the 
industry due to the poor metalWorking material properties of 
Si-Fe alloys With higher silicon contents. The core losses of 
the conventional Si-Fe alloy grades resulting from operation 
at a magnetic ?eld With frequencies greater than about 400 Hz 
are substantially higher than those of loW loss material. For 
example, in some cases the losses of conventional Si-Fe may 
be as much as 10 times those of suitable amorphous metal at 
the frequencies and ?ux levels encountered in machines oper 
ating under frequency and ?ux levels of the present machines. 
As a result, in many embodiments conventional material 
under high frequency operation Would heat to a point at Which 
a conventional machine could not be cooled by any accept 
able means. HoWever, some grades of silicon-iron alloys, 
herein referred to as optimized Si-Fe, are directly applicable 
to producing a high-frequency machine. 
The optimized Fe-based alloys useful in the practice of the 

present invention include silicon-iron alloy grades compris 
ing greater than 3.5% of silicon by Weight, and preferably 
more than 4%. The non-grain-oriented Fe-based material 
used in constructing machines in accordance With the inven 
tion preferably consists essentially of an alloy of Fe With Si in 
an amount ranging from about 4 to 7.5 Wt. % Si. These 
preferred alloys have more Si than conventional Si-Fe alloys. 
Also useful are Fe-Si-Al alloys such as Sendust. 














